pilus consists of an array of over a thousand canonical Bacterial attachment is a key event in the early stages Ig-like domains, each of which contributes a strand to of most infectious diseases. Without the ability to specifthe fold of the preceding subunit to produce the organically adhere to host tissues, pathogens would be readily elle. At the tip of this structure is the N-terminal receptor binding domain that we have studied here. Adhesin-receptor interactions, in addition to anchor- 
both bacterial and host cells (Finlay and Falkow, 1997;  biguously into electron density ( Figure 1A ). The structure of the PapGII receptor binding domain is a mostly ␤ Martinez et al., 2000). Binding of host cell receptors sheet structure that can be subdivided into two regions by PapG, for instance, activates the transcription of a ( Figure 1B ). The first region (region 1), composed of sensor-regulator protein, AirS, which regulates the bacstrands b, p, o, c, n, i, and h, forms a ␤ barrel. The terial iron acquisition system of uropathogenic E. coli topology of this region is similar to that of the equivalent (Pernestig et al., 2000; Zhang and Normark, 1996) . On the region of the sugar-free form of the receptor binding host side, the binding of P pili to Gal␣1-4Gal-containing domain of the mannose-specific FimH adhesin (no host receptors on uroepithelial cells induces the release bound form for this adhesin has been characterized yet of ceramides, important second messenger molecules structurally) (Choudhury et al., 1999) . The second region that can influence a number of signal transduction pro-(region 2) is composed of a central antiparallel ␤ sheet cesses Svanborg et al., 1996) . In formed by strands e, a, o, g, k, and j, which is flanked addition, binding of P-piliated and type 1 piliated bacteon one side by two double-stranded ␤ sheets (strands ria result in the up-regulation and eventual secretion f and l, and d and m, respectively), and, on the other of several immunoregulatory cytokines from host cells side, by an ␣ helix (A) and a large loop connecting this (Hedlund et al., 1999; Schilling et al., 2001 ). Thus, the helix to strand o. This region contains the receptor bindinteraction between PapG and its glycolipid receptor ing site and its structure has no equivalent in the daboth initiates bacterial colonization of the kidney and tabase. modulates the host response.
The glycolipid receptor for PapG consists of a digalacThe GbO4 Binding Site: Structural Features toside (Gal␣1-4Gal) core linked by a ␤-glucose (Glc)
and Mutagenesis residue to a ceramide group that anchors the receptor
The receptor binding site of PapGII is located in a pocket in the membrane (Stromberg et al., 1990 (Stromberg et al., , 1991 . This formed by strands j, g, and k, helix A, and the loop minimum receptor isotype is called globotriasylceraconnecting strand o to helix A (Figures 1 and 2 ). The mide (GbO3). The various members of this receptor famsolvent-accessible area of PapGII buried upon binding ily differ by the addition of sugar residues distal to the of the receptor amounts to 716 Å
. The tetrasaccharide Gal␣1-4Gal core of GbO3. The addition of a single binds in a V shape with the reducing end Glc residue N-acetyl-galactosamine (GalNAc) sugar to GbO3 creates (residue D) and the Gal residue next to it (C) forming one GbO4 (globoside), whereas the addition of two GalNAc branch of the V, and the following Gal (B) and GalNAc (A) sugars to GbO3 creates the Forssman antigen (GbO5).
residues forming the other branch. Sialic acids can also be added to form more complex The Gal␤1-4Glc (residues C and D) moiety lies over receptor structures ; Stroud et al., Trp107 (strand k) and runs parallel to the backbone 1998). Three different PapG alleles exist-class I, II, and structure of strand k between residues 104 and 107. III-which bind with different specificity to different reHydrophobic and aromatic contacts are made between ceptor isotypes, with class II being the allelle predomiTrp107 and the nonpolar face of Gal␤1-4Glc composed nantly associated with human pyelonephritis, and class of the C1, C3, and C5 atoms of residue C and the C4 atom III being correlated with human cystitis. The differential of residue D. One polar contact is observed between the distribution of the receptor isotypes in different hosts N⑀ 1 of Trp107 and the O3 hydroxyl of residue D. These and tissues and the binding specificity of the various interactions are critical in receptor binding: when Trp107 PapG adhesins account for the host and tissue tropisms was changed to an alanine (W107A), receptor binding of uropathogenic E. coli.
was abolished (Figure 3) . Interactions of the Gal␤1-4Glc In this study, we describe the crystal structures of the moiety with Trp107 occur in the vicinity of a bulge in apo and GbO4-bound forms of the receptor binding strand k. This bulge is created by the displacement of domain of the class II PapG adhesin (PapGII). The adLys106 and Asp108 out of a classical alternating ␤ strand hesin-receptor interaction described here is a critical arrangement. Lys106 and Tyr105 are on one side of event in the ability of pyelonephritic E. coli to cause strand k while Trp107 and Asp108 are on the other. disease (Roberts et al., 1994). The adhesin-receptor in-A water molecule (W1 in Figure 2A ) interacts with the teractions were further investigated by a structurebackbone nitrogens of Lys106 and Tyr105 and the carbased site-directed mutagenesis analysis of the binding bonyl oxygens of Gly104 and Tyr60. Further stabilization pocket. This analysis elucidates how E. coli recognizes of the bulge is achieved by a salt bridge between Asp108 the globoside receptor in the kidney and provides fundaand Arg170. W1 is also involved in receptor binding mental insights into a key event in bacterial pathosince it is within H bond distance of the O6 hydroxyl of genesis.
residue C. Asp108 is not in direct or water-mediated contact with the receptor. However, Arg170 (in the loop between strand o and helix A [the oA loop]) makes interResults and Discussion actions with the O2 and O3 hydroxyls of residue D (Figure 2) . Mutation of Lys106 to alanine (K106A) resulted Structure of the PapGII Receptor Binding Domain in a slight reduction in hemaglutination titer, suggesting The structure of the receptor binding domain of PapGII that this side chain plays only a minor role in stabilizing bound to GbO4 was determined using the multiwavethe binding site (Figure 3) . In contrast, an R170A mutalength anomalous dispersion (MAD) phasing method to tion abolishes binding (Figure 3 ). This result is consistent a resolution of 1.8 Å . The quality of the map was excellent with the observed roles of Arg170 in the structure. Glu59 in strand g interacts directly with the O6 hydroxyl of and all protein and sugar residues could be built unam- PapGII and PapGIII mostly lie in the region where the Conclusion second GalNAc␣ residue of GbO5 (the PapGIII substrate) would locate (see the Glu90, Tyr175, and Asn92
The ability of pathogens to recognize host receptors is a critical event in most infectious diseases. The recogniregion in Figure 6B, bottom panel) . Hence, the difference in selectivity between PapGII and PapGIII may be extion event is often mediated by a bacterial adhesin located at the tip of a pilus structure. The P pilus is one plained by the fact that substitutions to PapGIII residues in that region may result in the formation of an additional of the most extensively studied adhesive fibers produced by bacteria and has served as a prototype for GalNAc binding subsite capable of accommodating the second nonreducing end GalNAc␣ of GbO5. To explore understanding host pathogen interactions for over a decade (Sauer et al., 2000; Soto and Hultgren, 1999; Thathis possibility, a model of PapGIII bound to GbO5 was generated ( Figure 6C ). In PapGIII, Glu91 is substituted nassi and Hultgren, 2000). A vast amount of work has been carried out in an attempt to characterize the molecto Asp. This allows space for a groove in which the GalNAc␣1-3GalNAc moiety of GbO5 could lie. This ular basis of the tropism that the PapG adhesin determines and the function of the PapG-globoside ingroove is completed on the Lys172 side (i.e., the oA loop side) by Pro174 and Ser175 (substituting to Tyr175 teraction in disease. The three-dimensional structure presented here provides a view of these interactions, in PapGII) and on the other side by residues in strand j and in the jk loop (Asp91 and Glu93). Glu93 in PapGIII thereby revealing the molecular basis of a critical event in pyelonephritis: the colonization of the kidney. The is predicted to project toward the GalNAc␣ of GbO5 and make H bond interactions with its O3 and O4 hydroxyls structure of the adhesin-receptor complex reveals an intricate network of interactions between the adhesin as well as with the N2 of its N-acetyl group. GbO4 is the dominating galabiose-containing isoreceptor in the and the glycolipid receptor that is likely to reflect a general mechanism for the function of all bacterial adhesins. human kidney in contrast to the canine kidney where GbO5 predominates. PapGII and PapGIII favor colonizaThe mutational analysis presented here, in concert with earlier studies using specific receptor analogs, pinpoint tion of the human and dog kidney, respectively (Stromberg et al., 1990). Thus, the structure presented here the importance of the interactions required for a stable adhesin-receptor interaction. In addition, the structure not only reveals the molecular basis for the tropism conferred by the PapGII adhesin but also suggests a predicts that the adhesin domain binds "side-on" to the eukaryotic membrane, which suggests a requirement plausible model that accounts for the tropism conferred by PapGIII. This model also predicts that GbO5-confor a tip fibrillum flexible enough to orientate the receptor binding surfaces parallel to the membrane. Understandtaining receptors may predominate in the adult human bladder over GbO3 or GbO4, since PapGIII containing ing the fine molecular details of host pathogen interactions will lead to the development of adhesin-based strains are more prevalent in human cystitis than PapGII containing strains (Johnson et al., 1998) .
vaccines that are rationally designed to inhibit the patho- 
Experimental Procedures
For the unbound form, crystals diffracted to a resolution of 2.1 Å in the laboratory setting (Rigaku Raxis IV image plate mounted on Cloning, Protein Expression, and Purification a Rigaku RU200 rotating anode X-ray generator). The atomic model Standard PCR and recombinant techniques were used to amplify corresponding to the protein part of the refined complex structure and subclone the signal sequence and the N-terminal 196 amino was used directly in refinement against the unbound form data acids of PapG class II which contain the receptor binding domain (Table 1) (Table 1) . 5 mM EDTA, and 150 g/ml lysozyme. MgCl 2 was added to 10 mM, followed by centrifugation at 12 K for 40 min. The PapGII receptor Mutational Studies and Hemaglutination Assay binding domain was selectively precipitated using 30% ammonium Mutations in residues involved in receptor binding were made in sulfate. After centrifugation, the pellet was resuspended and diathe full-length papGII gene from pDC1 (Clegg, 1982) to prevent erythryocytes from settling over a given incubation period SeMet-GII196 contains three selenomethionines. MAD data were is a measure of the ability of the adhesin to bind to GbO4 present collected to a resolution of 1.8 Å at three wavelengths using a on the erythrocytes. single complex crystal (beamline 19BM, Structural Biology Center, Advanced Photon Source). Data were indexed, integrated, and reAcknowledgments duced using DENZO and SCALEPACK (Otwinowski and Minor, 1997). Heavy atom positions were determined and experimental
We thank the staff of beamline 19BM of the Structural Biology Center phases were calculated using the program SOLVE to yield an interat the Advanced Photon Source (Argonne National Laboratory) for pretable electron density map (Terwilliger, 1994) . This map was help during data collection. This paper is dedicated to Goran Magfurther improved by solvent flattening using the program DM (CCP4, nusson. One of his dreams over the last decade was to elucidate 1994). A representative region of the resulting electron density is the structure described in this paper. We also are indebted to the shown in Figure 1A 
